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Micromolar calcium ions stimulate both exocytosis and polyphosphoinositide hydrolysis in sea urchin egg 
plasma membrane in vitro. Strontium and barium ions also stimulate bath processes equally. Magnesium 
ions reduce the calcium sensitivity of both. Neomycin, a drug which prevents phosphoinositide hydrolysis, 
inhibits exocytosis in vitro. We suggest hat hydrolysis of plasma membrane phosphoinositides may be an 
essential step in the fusion of the secretory granule and plasma membranes. 
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1. INTRODUCTION 
The hydrolysis of plasma membrane polyphos- 
phoinositides occurs in a wide range of eukaryotic 
cells during secretion [I]. The hydrolysis products 
act as second messengers [2]. In some cases it ap- 
pears that hydrolysis of phosphatidylinositol 
4,Sphosphate (PtdIns4,5P2) and phosphatidylino- 
sitol4-phosphate (PtdIns4P) is part of the plasma 
membrane transduction process and precedes the 
increase in cytoplasmic calcium which stimulates 
secretion [3]; indeed, there is evidence that poly- 
phosphoinositide hydrolysis is a necessary precur- 
sor of the rise in cytosolic calcium [4-71. But in 
other secretory cells, an increased turnover of 
plasma membrane PtdIns4,5Pz and PtdIns4P 
seems to be a consequence rather than a cause of 
an increase in cytoplasmic calcium [8-121. We 
show here that hydrolysis of Ptdins4,5P2 and 
PtdIns4P can be stimulated in isolated plasma 
membrane preparations from sea urchin eggs by 
addition of physiological calcium concentrations. 
Moreover, the calcium-dependent hydrolysis of 
polyphosphoinositides i  correlated with the secre- 
tory exocytosis which occurs in this preparation on 
addition of calcium [13-171. 
2. MATERIALS AND METHODS 
Eggs of Lytechinus pictus (Pacific Biomarine, 
Venice, CA) were labelled in artificial seawater 
[14] for 2-3 h in the presence of [32P]orthophos- 
phate (200 &X/ml; 50% (v/v) egg suspension). 
The jelly coat was removed subsequently by 
passage through Nitex mesh. The egg cortex was 
isolated by sticking eggs to cover slides treated with 
polylysine (0.1 mg/ml) and then shearing away the 
bulk of the egg with a jet of medium (220 mM 
potassium glutatamate, 500 mM glycine, 10 mM 
NaCl, 5 mM MgCL, 2.5 mM adenosine 5’-triphos- 
phate, 10 mM EGTA, pH 6.7) [14]. In most ex- 
periments neomycin (10 mM) was included in the 
shearing solution and the cortical preparation 
subsequently washed with neomycin-free medium 
30 s after shearing. The washing medium con- 
tained varying concentrations of calcium buffered 
with EGTA 1141. EGTA concentration was 1 mM. 
The calcium-EGTA ratios and measured free 
calcium concentrations of the experimental solu- 
tions were: 0.340, 0.6 PM; 0.607, 1.9 ,xM; 0.756, 
4.0pM; 0.838, 5.9pM; 0.942, 17,uM. After 2 min 
the aqueous phase was removed and the lipids ex- 
tracted for chromatography [181. Chromatograms 
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were developed on oxalate-treated silica gel 60 
thin-layer chromatography plates (Merck, Darm- 
stadt) in chloroform/methanol/acetone/acetic 
acid/water (40:13:15:12:8) [19]. The loss of 
radioactivity from the spots identified by auto- 
radiography was measured by recovering lipid 
from the substrate and determining 32P by liquid 
scintillation counting [20]. 
The enzymatic activity of the cortical granule 
glucanohydrolase was measured as glucose pro- 
duction from the hydrolysis of laminarin by the 
supernatant of a cortical preparation prepared by 
homogenisation [ 141. 
Exocytosis was also measured as the decrease in 
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intensity of scattered light from a dark field image 
of the isolated arrays of cortical granules and 
plasma membrane attached to coverslips with 
polylysine [21]. Light was measured using a photo- 
multiplier at low gain. 
3. RESULTS 
Sea urchin eggs incubated with 32P in seawater 
incorporate label into PtdIns4,5Pz and PtdIns4P 
(fig.la). Plasma membrane fragments of these 
eggs contain 32P-labelled PtdIns4,5P2 and 
PtdIns 4P. Label is lost from the plasma mem- 
brane fragments when calcium (10 /rM) is added to 
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&. Isolation of egg plasma membrane 
polyphosphoinositides and their calcium-stimulated 
hydrolysis. (a) Autoradiochromatograms of “P-1abelled 
lipid extracts. The chromatogram on the left shows the 
appearance of label with time in lipid extracts from 
whole eggs incubated with carrier-free 32P-labelled 
phosphate (100 &i/ml). The radioactivity is incor- 
porated predominantly into lipid which runs as 
Ptdlns4.5P2 and Ptdlns4P [20]. The chromatogram on 
the right shows the pattern of label in lipids extracted 
from the isolated egg cortex (which consists of secretory 
granules and plasma membrane [14]). The pattern of 
labelling is altered by treatment of the cortex with 1OpM 
calcium before lipid extraction. Radiolabel is lost from 
the Ptdlns4,5Pz and Ptdlns4P spots. The effects of 
calcium addition on phosphatidic acid (PA) labelling are 
variable. In the experiment illustrated PA decreases. In 
other experiments PA labelling was unchanged or in- 
creased slightly. Pre-treating the cortex with neomycin 
(10 mM; Sigma) inhibits the calcium-dependent loss of 
label. (b) Quantitation of the amounts of 32P from 
Ptdlns4,5P2 and Ptdlns4P in the egg cortex. A represen- 
tative experiment is shown. (i) Treatment with 10 pM 
the cytoplasmic face. The calcium-dependent loss 
of 32P label from the plasma membrane 
polyphosphoinositide is prevented by neomycin, a 
drug known to prevent hydrolysis of PtdIns4,5P2 
and PtdIns4P (fig. la,b). Loss of 32P label from the 
polyphosphoinositide does not in itself imply 
hydrolysis at the glycerol phosphate ester linkage: 
it is well-established that phosphomonoesterase ac- 
tivity can result in dephosphorylation of the hexose 
ring [22]. However, eggs labelled with [3H]inositol, 
permeabilised and treated with micromolar 
calcium release a compound which behaves iden- 
tically to inositol trisphosphate (InsP3) on anion 
exchange chromatography (not shown). We 
therefore conclude that physiological calcium con- 
centrations stimulate a phospholipase C activity 
which hydrolysis PtdIns4JP2 in the plasma mem- 
brane fragments to InsPs and diacylglycerol. 
The phospholipase C activity is half-maximally 
stimulated at around 5 ,uM free calcium in the 
presence of 2.5 mM free Mg2+ (fig.2). We deter- 
mined the calcium requirement of secretory ex- 
ocytosis in these membrane fragments under iden- 
tical conditions by measuring the decrease in light 
scattered by the cortical granules as they under- 
went exocytosis. Calcium stimulated a half-maxi- 
mal decrease in light scattering at 3 ,uM, the con- 
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calcium causes a loss of four-fifths of the radioactivity 
in Ptdlns4P and Ptdlns4,5Pz. (ii) The loss of radiolabel 
is prevented by pre-treatment with 10 mM neomycin. 
The radioactivity incorporated into Ptdlns4,5P2 and 
Ptdlns4P measured in this way is expressed in these and 
other figures as a percentage of the radioactivity in 
Ptdlns4,5Pz and PtdlndP in 2 ~1 of packed eggs. We 
have determined by labelling egg surface proteins with 
fluorescein isothiocyanate that the amount of egg cortex 
we use for each experimental point corresponds to the 
cortex of 0.14~1 of packed eggs; 16°C. 
centration at which it stimulates half-maximal 
release of a glucanase, an enzyme which is released 
by the cortical granules when they undergo ex- 
ocytosis. Fig.2 shows that polyphosphoinositide 
hydrolysis and exocytosis occur in vitro over the 
same range of calcium concentrations. 
The calcium-stimulated exocytosis of sea urchin 
egg cortical granules is inhibited in vitro by 
magnesium. Increasing the magnesium ion concen- 
tration increases the free calcium concentration re- 
quired for half-maximal stimulation of exocytosis 
[14]. Fig.3a shows that increasing the magnesium 
ion concentration also increases the calcium con- 
centration required for half-maximal stimulation 
of PtdIns4,5Pz hydrolysis. Again, the concentra- 
tions of calcium required to stimulate the two pro- 
cesses are quantitatively very similar (half-maxi- 
mum concentration for PtdIns4,5P2 hydrolysis, 27 
PM; for exocytosis, 32 PM). In contrast to mag- 
nesium ions, strontium and barium ions stimulate 
exocytosis in vitro. The correlation between the 
strontium ion concentrations required to stimulate 
exocytosis and those required to stimulate 
PtdIns 4,5P2 hydrolysis is shown in fig.3b. Similar- 
ly, barium stimulates both PtdIns4,5P2 hydrolysis 
and exocytosis at concentrations above 10 mM 
under these conditions. Hydrolysis of PtdIns4P 
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Fig.2. The calcium dependence of TPI hydrolysis (m) 
and cortical granule exocytosis (0, o) in isolated egg 
cortex. PtdIns4,5Pz associated with the cortex in low 
calcium medium (free calcium< 10e8 M) is 8.6k2.09 
(mean ? SE, n = 9); PtdIns4,5Pz associated with the cor- 
tex after treatment with 10 FM calcium is 1.9 + 0.81 
(mean *SE, n= 8). Cortical granule exocytosis was 
measured under identical conditions in separate ex- 
periments by measuring the decrease in light scattering 
from a dark field image of the isolated cortices (0). The 
maximal decrease in light scattering was measured at the 
end of each experiment by adding 10 mM calcium- 
containing medium to the preparation at the end of each 
experiment. The calcium sensitivity of the decrease in 
light scattering agrees well with the calcium sensitivity of 
the release of an enzyme (a P-1,3-glucanohydrolase) 
from the granule interior (0). Bars are SE, n= 8, 16°C. 
was similarly affected by divalent cations (not 
shown). 
The similarity of the divalent cation require- 
ments of polyphosphoinositide hydrolysis and ex- 
ocytosis suggests the possibility of a causal connec- 
tion. The data of fig.4 support the idea of a causal 
link between these two calcium-dependent pheno- 
mena. Neomycin, a drug which inhibits polyphos- 
phoinositide hydrolysis [23-251, inhibits cortical 
granule exocytosis in vitro over the same range of 
concentrations. Neomycin has been shown to in- 
hibit phosphoinositide hydrolysis both in intact 
synaptosomes [25] and in homogenates [23,24]. As 
a polar molecule it would not be expected to enter 
cells readily and its external action has been at- 
tributed to inhibition of a synaptosomal calcium 
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Fig.3. (a) The calcium dependence of PtdIns4,5Pz 
hydrolysis (m) and exocytosis (0) in the presence of 50 
mM magnesium ions. (b) PtdInsPz hydrolysis and ex- 
ocytosis induced by strontium in the presence of 50 mM 
magnesium. The bars represent the SE; n =6,4,6 in 
ascending order of concentration. Under these condi- 
tions barium ions induced both exocytosis and 
PtdIns4,5Pz hydrolysis at concentrations between 10 
and 100 mM. 10 mM barium-containing solutions cause 
no significant decrease in light scattering and 
PtdIns4,5Pz associated with the egg cortex is 14.1%; 100 
mM barium-containing solutions cause a 70% reduction 
of light scattering by the egg cortex and PtdIns4,5Pz 
associated with the egg cortex under these conditions is 
3.4%, 16°C. 
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Fig.4. Inhibition of calcium-dependent exocytosis by 
neomycin. Neomycin was present for 5 min prior to the 
addition of calcium and included in the calcium- 
containing solutions. The presence of neomycin did not 
significantly affect the free calcium concentration of the 
solution measured with a calcium-selective lectrode. 
The extent of exocytosis in vitro was measured as a 
decrease in light scattering, 16°C. 
channel [25]. Neomycin is effective in inhibiting 
exocytosis only when applied to the cytoplasmic 
face of the egg plasma membrane. Gentamycin, a 
related polycation antibiotic, binds specifically to 
PtdIns (4,5)P2: the intrinsic association constant is 
two orders of magnitude greater than for binding 
to phosphatidylserine or PtdIns ([26] and S. 
Maclaughlin, personal communication). Phospho- 
inositide hydrolysis is also inhibited by polylysine 
[23], though not at the concentrations we use to at- 
tach eggs to coverslides when preparing cortices. 
We have chosen a concentration (0.01 mg/ml) 
which promotes good adhesion but causes no in- 
hibition. Inhibition does occur at higher concen- 
trations. 
4. DISCUSSION 
Our findings raise three main points of interest. 
First is the evidence for the existence of a plasma 
membrane-associated phospholipase C activity in 
sea urchin eggs which is responsive to calcium in 
the micromolar range, concentrations which are 
attained at fertilisation. Elsewhere, phospholipase 
C activities have been described whose action is 
dependent on calcium but insensitive to the varia- 
tions in calcium concentration which are thought 
to occur within the cell [22,27-291. 
The second point concerns the mechanism of egg 
activation [30]. There are two primary triggers to 
development in sea urchin eggs, a transient in- 
crease in cytoplasmic calcium and a sustained in- 
crease in intracellular pH [31]. The increase in 
cytoplasmic pH is due to the stimulation of a 
sodium-hydrogen exchanger in the egg plasma 
membrane at fertilisation [32]. The exchanger is 
stimulated by the transient increase in free calcium 
concentration. It is also stimulated by the tumour 
promoter, phorbol myristate acetate (PMA) [33]. 
PMA and diacylglycerol act at similar sites [34], 
suggesting that calcium stimulates the sodium- 
hydrogen exchange indirectly by causing 
PtdIns 4,5P2 hydrolysis to produce diacylglycerol. 
The other hydrolysis product, InsP,, causes 
calcium release from the egg’s intracellular calcium 
store ]351, suggesting that a regenerative 
mechanism involving calcium release and 
polyphosphoinositide hydrolysis may occur at fer- 
tilisation. 
The third point raised by our data concerns the 
mechanism of secretory granule plasma membrane 
fusion. We have shown that preventing polyphos- 
phoinositide hydrolysis prevents exocytosis. One 
plausible explanation of this observation is that in- 
hibiting polyphosphoinositide hydrolysis prevents 
the formation of diacylglycerol, a potent fusogen 
[36,37] which may promote fusion of the secretory 
granule and plasma membrane [38,39]. A second 
and equally important factor in promoting fusion 
may be the loss of the multiply charged inositol 
phosphates from the surface of the lipid bilayer. 
Rand and Parsegian have shown that the main 
energy barrier to the close apposition of lipid 
bilayers is the energy required to remove the water 
molecules from polar lipid head groups [40-421. 
Another possibility, that phosphoinositide hydro- 
lysis stimulates exocytosis by activating protein 
kinase C [34], seems unlikely because neither TPA 
nor oleylacetylglycerol stimulate exocytosis nor af- 
fect its sensitivity to calcium when applied directly 
123 
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to the cytoplasmic face of the isolated egg cortex. 
Inositol lipid breakdown is correlated with ex- 
ocytotic secretion in a variety of secretory tissues 
[Z]. It has been demonstrated to be a consequence 
of an increase in cytoplasmic calcium in neutro- 
phils [9,10], endocrine pancreas Ill], brain synap- 
tosomes [8] and in adrenal medullary cells [43], 
and occurs when myoblasts fuse [44]. Our present 
results suggest that the hydrolysis of polyphospho- 
inositides may be a crucial step in the process of 
calcium-dependent membrane fusion. 
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